Copyright 1992 by the American Geophysical Union. Sleep [1975] suggested that faults, heterogeneous rheology, and a low density island arc may be necessary to explain subduction zone topography. Nevertheless, Sleep was not successful in explaining the gravity over the island arc, as computed topography which was due primarily to the compensation of a low density island arc had limited effect on free air gravity. While also realizing the importance of faults, Davies [1981] presented a fractured elastic plate model in which observed subduction zone topography, geoid and gravity could be reproduced. The excess mass of slabs is assumed to be partially compensated, resolving the discrepancy between the anomalous mass predicted from thermal models and that estimated from the observed geoid [Chase, 1979; Crough and Jurdy, 1979] . The compensated anomalous slab mass resulted in a broad back-arc depression and trenches oceanward. However, the compensation mechanism was physically ad hoc, as a functional form of topography was empirically determined in order to reproduce the long wavelength geoid.
Here we present a new formulation of viscous flow with faults which is essential to an understanding of lithospheric and mantle deformation and terrestrial gravity. When a fault cuts through a high viscosity lithosphere with a cold slab driving the flow, we find that the computed dynamic topography is characterized by a narrow trench and a broad back-are basin. The computed dynamic topography allows us to simultaneously explain the geoid, gravity, and topography observations on both a short and a long wavelength. Furthermore, the long-wavelength back-arc depression compared with models without a fault is reduced significantly, but we still find that long wavelength geoid highs require a high viscosity lower mantle.
Method
We have developed a two dimensional viscous flow model of a subduction zone with a fault. To model a fault fully even in two dimensions is difficult, and proper simplifications based on our current understanding of faults are necessary. A clearly defined seismic fault plane separates the subducting plate from the overriding plate and the plate subducts into the mantle along the fault plane. Faults like the San Andreas may be too weak to maintain large shear stresses [Kanamori, 1980] , as supported by studies of large earthquakes [Kanamori, 1980] Furthermore, material on the two sides of faults must slide along the fault plane and cannot cross the fault.
In our new Eulerian model, the fault plane is represented as an interface and has the following constraints: a) the interface is fixed and prescribed; b) the interface either decouples (with zero shear stress) or weakly couples (with a small shear stress) the flow from one side to the other; and c) the flow on the interface is parallel to the interface. 
where T is temperature, p is pressure, P o and To are reference density and temperature, respectively, ix is dynamic viscosity, g is gravitational acceleration, ct is coefficient of thermal expansion, and k is the unit vector in the vertical direction positive downward. [Cook, 1981] . With such dof's the flow can be decoupled or weakly coupled on either side of the interface, depending on the prescribed shear stress on the interface. By using constrained element and matrix transformation techniques [Cook, 1981] Figures 4b and 4c) . In order to obtain the long wavelength geoid highs, the viscosity of the lower mantle must be higher than that of the upper mantle (a factor of 100 in all the cases shown), as originally shown by Hager [1984] . The long wavelength geoid of WF is much higher than that of NF, and this can be explained with the topography spectra of these two models.
Compared with NF, the magnitude of short wavelength topography of WF (~ 200 km wavelength) increases significantly, reflecting the deep and narrow trench, while the magnitude of long wavelength topography (~ 3000 -9000 km wavelength) of WF is reduced by about 30%, reflecting the shallower back-arc basin. Since the geoid is strongly attenuated for short wavelength, the deep trench of the model WF only lowers the geoid by a few meters near the trench, but the smaller effective compensation of a shallower basin increases the long wavelength geoid high.
The computed free air gravity mainly reflects the shorter wavelength dynamic topography of the trench and the "arc". While the trench depth and the free air gravity low over the trench are almost identical to observed values, elevation of the "arc" and gravity high over the "arc" are smaller than observed. This is probably because island arcs, unlike trenches, are not completely compensated and part of the free air high over island are is from the uncompensated nondynamic topography. Another possible reason is that our models exclude a low density island arc. As shown by Sleep [ 1975] , a low density island arc would produce a topography and gravity highs over the arc, although it alone cannot explain the observed gravity high. Dynamic topography is controlled by the age of slabs, the dip angles of slabs and faults, and the length of slabs. As expected, the longer a slab or the older a slab, i.e. the greater the mass anomaly, the deeper the trench and the back-arc basin. Since the momentum equation (eq. 1) is linear with the linear viscous rheology, the amplitude of trench depth is directly proportional to the temperature difference between the slab and its surroundings, and hence to the square root of lithospheric age just prior to subduction. Our computations show that the dip angle of faults is a critical parameter determining topography. The larger the dip angle of the fault, the deeper the trench (Figure 3b) . These results are consistent with the observed trench depths from all the subduction zones [Hilde and Uyeda, 1983; Jarrard, 1986] . The ratio of lithosphere viscosity to upper mantle viscosity is also significant and must be large enough (100 for all the cases shown) in order to obtain a deep and narrow trench.
Because we can easily reproduce observed topography, geoid and free air in subduction zones with a small resisting shear stress on the fault, this implies that convergent plate boundaries are weak. The resisting shear stresses of 50 and 100 bars in our models are close to values suggested from seismic studies of large tectonic faults [Kanamori, 1980] .
Conclusions
By incorporating a weak fault into models of viscous flow, we can reproduce the topography of trenches and backarc basins, the free air gravity, and the long and short wavelength geoid signals which are observed in subduction zones. For a model with typical subduction zone parameters, the computed trench is about 100 km wide and 3 km deep, and the back-arc basin is about 600 km wide and 1.5 km deep. The computed geoid is characterized by a = 30 m long wavelength high over the slab. The free air is = -150 mgal over the trench and = +80 mgal over the arc. These results are very close to the general observations of subduction zones. The fault with a small resisting shear stress is essential to producing trenches and back-arc basins. Of many parameters controlling the topography, the dip angie of fault and the age of slab are most significant, consistent with observed trends.
